The known general solution of the system of linearized equations for non-viscous, adiabatic, quasi-hydrostatic flow on an equatorially oriented @-plane is examined in detail for various boundary conditions imposed on the motion. The base state is a space-time invariant zonal current. The particular solutions examined are those in which the meridional wind component is distributed either symmetrically or asymmetrically about the equator, and is constrained either to vanish at finite distance from the equator or to decay exponentially at large distance from the equator. The various solutions considered depict disturbances which are characterized by (1) very small values of divergence which increase with wavelength (in most cases), (2) relative vorticity which is meteorologically reasonable, and (3) in general, a non-geostrophic wind-pressure relationship.
INTRODUCTION
In a recent study, Rosenthal [l] obtained the general solution of the linearized system of equations for nonviscous, adiabatic, quasi-hydrostatic flow on an equatorially oriented @-plane. Rosenthal examined one particular solution in detail, that in which the meridional wind component was symmetric witfh respect to the equator and decayed exponentially with the square of the distance from the equator. Subsequently, Matsuno [2] solved a similar system of equations. He considered R class of particular solutions in which the meridional wind is constrained to approach zero as the distance from the equator approaches infinity. Rosenthal's solution was among t,hose treated by Matsuno. Both Rosenthal and Matsuno were concerned with the extent to which their wave solutions could be considered meteorological rather than inertia-gravitational in nature. Matsuno proceeded by examining the frequency as a function of wavelength and by pictorial comparisons between wind and pressure fields for several of his cases. Rosenthal, on the other hand, made detailed studies of the wind, pressure, vorticity, and divergence fields and performed numerous calculations which clearly showed the meteorological nature of the system. I n this report, other particular solutions are examined in detail, specifically, solutions in which the meridional velocity is required to vanish a t fixed distances from the equator. The format of the study is similar to that of Rosenthal. In view of the fact that neither Matsuno's nor Rosenthal's model provides a source of perturbation energy, the solutions cannot describe the life cycles of the disturbances under consideration. The results then are artificial in the sense that waves of this type are relatively steady for all time and no information is provided concerning their origin. Hon-ever, as pointed out by Rosenthal [l] , they do have a remarkable similarity to the equatorial disturbances discussed by Palmer [3] . Furthermore, it would seem that an understanding of the dynamics of these simple disturbances is a mandatory prerequisite to understanding the dynamics of equatorial disturbances in the real atmosphere.
THE SOLUTIONS
The reader is directed to Rosenthal's paper for the complete development of the general solution which describes the model; here only a brief outline of the development will be presented. Notation is consistent with that of Rosenthal.
The linearized equations for non-viscous, adiabatic, quasi-hydrostatic, @-plane flow are
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(4) upon the motion. Rearrangement of the terms in equation (12) gives the frequency equation 
are base state quantities with u and a assumed constant.
With the condition that Z, be a maximum at x = O , p=p,, and t=O, the system of equations (l), (2) , (31, (4) has solutions of the form in which v is symmetric about the equator and which l~u be called the Symmetric Mode.
With Kl=O, we have,
I where k=2n/L,L is the wavelength, c equals the wave speed, and m=nnlpo, n=1, 2, , . . . Substitution of equations (6), (7), (8), (9) into equations ( l ) , (2) , ( 3 ) , (4) If, however, we limit the solutions to a zonal channel centered on the equator and enforce the boundary condition v=O at y= f yW (yW finite), then a is determined as a=a* where is irrelevant We since feel we that are concerned this is a with reasonable only the approach domain '~~~~ since we are interested in disturbances which have their maximum amplitude in low latitudes and are undetectable at higher latitudes. Also, since the approximation j = P y I becomes very poor as y becomes large, the system (I), (2), For arbitrary values of yW, CY* must be found numerically through an iterative procedure which operates on a truncated form of M(a, b, 2) . Figure 1 shows values obtained in this way. As yw becomes large, aS+O and aA-+l. As yul becomes small, as and both tend toward infinity.
the remaining amplitude functions are given by BY use of equations (11, (2) which is the value of A appropriate for nondivergent motion. The parameter E is ) / 4 in the Symmetric Mode, 1 in the Asymmetric Mode, and zero in the decay cases for both modes. For the wavelengths considered, the roots AI and Az correspond to rapidly moving inertiagravity waves. The meteorologically significant root, which gives small phase speeds relative to the basic current for wavelengths in the synoptic range, is A3. As pointed out by Matsuno [2], A3 can become quite large at very long wavelengths. However, the wavelengths at which this occurs are far larger than those considered here and, in fact, are probably large enough to invalidate the p-plane approximation.
Further discussion will be limited to the root A3 and the subscript will be omitted. Comparison of A with AND shows that in both modes the difference A N D -A increases with wavelength and yw. This implies that the model divergence has greater significance a t longer wavelengths, but for a given wavelength the significance diminishes as the latitudinal extent of the perturbation is reduced. I n general, the model divergence appears to be more significant in the Asymmetric Mode.
As was pointed out by Rosenthal for the Symmetric
Decay case, the effect of the divergence is a retardation of the westward movement of the perturbations relative t o the basic current as is evidenced by the difference AND--. Hence, in both modes, the divergence patterns must be as described by Rosenthal; i.e., there is divergence to the west of the cyclonic relative vorticity centers and convergence t o the east of these centers.2 Also, we can expect the magnitude of the Asymmetric Mode divergences to be larger than those of the Symmetric Mode. In the Asymmetric Mode, the distances from the equator to the divergence maxima are given by y=y, which satisfy the condition
In the decay case, A listed in table IC suggest that this relationship holds in the other cases also.
The maximum divergences increase with wavelength except for the Symmetric Mode case with yzo= 1125 km. For this case, the divergence has maximum values for wavelengths in the 3000-4000-km. range.
The contribution of the model divergence to vorticity changes is essentially the same as that described by Rosenthal [l] . The Asymmetric Mode differs little from the Symmetric Mode. Table 6 lists values of I f V.
for the various cases with L=2000 km., n=1, and L=5000 km., n=2. The contribution is negligible except for the longer wavelengths with n=2. Here the ratio is still small when IywI is small. However, in the decay cases and for large values of lyzoI, the contribution is appreciable to within 5" of the equator.
The model divergences are extremely small in comparison to the observed magnitudes associated with equatorial disturbances as given by Palmer [3] . As pointed out by Rosenthal [l] , this discrepancy is probably due to the lack of a convective heat source in the model.
Values of the ratio ~~~m u z /~~~m u z are given by table 7. We note that the ratio increases with increasing Iyzo/. The ratio also increases with wavelength except in the cases yw= f 1125 km. Here, maximum values are found for wavelengths in the 3000-4000-km. range.
In order to examine the extent to which the perturbation flow is in geostrophic equilibrium, we define Table 8 summarizes the behavior of these ratios at the equator and a t the latitudinal limit of their definition.
The latitudinal variation of Roz is shown in figure 2 for L=2000 km., n=1. For each value of yzD, Roz increases with wavelength but the shapes of the curves are similar to those shown by figure 2. Except in the decay case, where RLD is independent of latitude, RE is smallest near the equator and approaches infinity as y approaches yLp. Hence, in the symmetrical cases, the meridional component of the perturbation wind is most nearly geostrophic a t the equator and becomes increasingly ageostrophic at higher latitudes. On the other hand, the perturbation v-component ^becomes increasingly ageostrophic in the symmetric case as the perturbations are confined t o smaller and smaller (decreasing lywl) bands of latitude surrounding the equator. As indicated above, the meridional component of the perturbation wind becomes increasingly ageostrophic as the wavelength increases.
In the asymmetric cases, R: approaches infinity as the equator is approached. Hence, near the equator, in the Asymmetric Mode, the v-component of the perturbation wind is highly ageostrophic. In the decay case, the v- is where 11 is highly ageostrophic (see fig. 2, R&) . The maximum magnitude of the perturbation pressure-height is approximately 7 m., which is twice that of the Symmetric Decay case (see Rosenthal, [l] fig. 2 ).
The combined perturbation and base state height fields and streamlines are shown in figure 4b. Here we find a weak Low (minimum height of -0.4 m.) centered on the equator with an easterly zonal current passing through the center of the Low. The height gradients in the zone bounded by 10°N.-lOOS. are very weak and would probably be undetectable in the present-day synoptic observational network.
The relative vorticity and divergence patterns are shown in figures 4c and 4d. The vorticity pattern is asymmetric about the equator with maximum values located about 14' from the equator. Positive values are associated with counterclockwise motion, hence with cyclonic motion in the Northern Hemisphere and anticyclonic motion in the Southern Hemisphere. The opposite is true for the negative values. Therefore, as in the Symmetric Decay case, cyclonic relative vorticity is always associated with low values of perturbation pressure-height. The divergence pattern is symmetric about the equator with maximum values of convergence and divergence about 20' from the equator. Similar to the Symmetric Mode, the divergence centers are to the west of the cyclonic relative vorticity centers and the convergence centers are to the west of the anticyclonic relative vorticity centers. These distributions agree with those previously deduced from the behavior of the wave speed e= U-A.
I n contrast with the Symmetric Decay case, the total pressure-height field and streamlines ( fig. 4b ) depict wave disturbances which have maximum amplitude between 10' and 15' from the equator.
THE SYMMETRIC CASE Y w = f l l P 5 KM.
The configuration of pressure patterns and streamlines for this case are similar to those of the decay case discussed by Rosenthal [l] except that here we note the effect of the vanishing of the perturbation meridional wind component a t a finite distance from the equator. Figure 5a shows the perturbation pressure-height field and streamlines. As in the decay case, the height field is asymmetric about the equator and consists of alternating Highs and Lows. The maximum amplitude is slightly larger than 1 m. which is about one-third that of the decay case. The circulation centers are alternating clockwise, counterclockwise cells centered on the equator and, of course, the perturbation circulation reduces to east-west motion a t yw= f 1125 km.
The combined perturbation and base state pressureheight field and streamlines are depicted in figure 5b. The streamline pattern is essentially that of the decay case except that the amplitude of the streamlines vanishes The relative vorticity pattern ( fig. 5c ) consists of alternating positive and negative centers which coincide with the perturbation circulation centers ( fig. 5a ). Low (high) perturbation pressure-height values are coupled with cyclonic (anticyclonic) motion. The configuration of the divergence pattern ( fig. 5d ) is also similar to the decay case with divergence (convergence) to the west of the cyclonic (anticyclonic) relative vorticity. In comparison to the decay case, we find (1) a reduction of the amplitude of the pressure-height perturbation, (2) marked decreases in the amplitude of the model divergence, and (3) a slight increase in the amplitude of the model relative vorticity.
THE ASYMMETRIC CASE Yzo= fl145 KM.
The remarks concerning the symmetry and relative distributions of the various fields presented in the discussion of the Asymmetric Decay case apply also to this case. Here we will note the differences in the distributions. Figure 6a shows the pressure-height contours and streamlines of the perturbation motion. The circulation and pressure centers are nearly coincident but the amplitude of the pressure-height field is less than that in the decay case. The combined base state and perturbation height field and streamlines ( fig. 6b) The relative vorticity and divergence patterns are shown in figures 6c and 6d. I n this mode, the effects of decreasing the lateral extent of the disturbance are similar to those in the Symmetric Mode except for a slight increase in the amplitude of the equatorial Low in the to tal pressure-heigh t field.
SUMMARY AND CONCLUSIONS

I
We have considered adiabatic, inviscid, quasi-hydrostatic, p-plane motions in which the perturbation meridional velocity component w is (A) symmetrically, and (B) asymmetrically distributed about the equator. The base state flow was taken as a constant easterly current. I n these two modes of motion, u was constrained to vanish (1) as the distance from the equator approached infinity, and (2) a t selected finite distances from the equator. Under these conditions, the solutions yield distributions and magnitudes of pressure-height and relative vorticity which are reasonable and meteorologically acceptable. The magnitude of the model divergence is, however, considerably smaller than observed values [3] . This is the result of the adiabatic, nonviscous constraints placed upon the motions. The magnitude of the model pressureheight gradient is extremely small; for this reason the perturbations studied here would probably be undetectable in the pressure field with present observational systems.
The wave speeds for all cases considered are such that the waves progress westward faster than the basic current, but less rapidly than the analogous nondivergent waves. The departures from the nondivergent wave speeds are considerable at longer wavelengths, especially in the Asymmetric Mode. Hence, in all cases, the divergence pattern is such that the westward movement of the perturbation is retarded ; there is divergence (convergence) to the west of cyclonic (anticyclonic) relative vorticity. In both modes, the model divergence increases with the perturbation wavelength except in the Symmetric Mode when the meridional extent of the perturbation is small. Equatorial waves of small meridional extent have maximum divergence for mid-range values of wavelength, and become less divergent with increases in wavelength. Also, meridional extent of the perturbation is decreased.
The model relative vorticity decreases with wavelength except in the Asymmetric Mode when the meridional extent of the wave is small. Here the relative vorticity increases at longer wavelengths because of the dominating role of the meridional shear of the zonal component of perturbation mind.
Perturbations centered on the equator have northsouth components of velocity which (1) are near geostrophic at low latitudes, (2 )become less geostrophic as the meridional extent of the disturbance is decreased, and in both modes, the motions become less divergent as the (3) become less geostrophic as the perturbation wavelength is increased. Perturbations which *are centered off the equator have meridional velocity components which are near geostrophic only in the latitudinal zones associated with their circulation centers. I n both modes, the east-west velocity component is near geostrophic only a t large distances from the equator. I n the above remarks, "near" geostrophic implies that the ratios Roz, R,, are approximately 0.2 or less. This condition holds for only certain values of the parameters, and then it may hold over only a part of the latitudinal zone being considered. I n general, the acceleration terms are at least the same order of magnitude as the Coriolis term and, hence, their role in the wind-pressure balance cannot be ignored
In a series of numerical experiments conducted a t the National Hurricane Research Laboratory, the symmetric solutions (equations (21)-(24), (26)-(29)) to the linearized equations (1)-(4) were used as initial and boundary conditions for a numerical non-linear primitive equation forecast model. I n the cases considered, the patterns moved with very nearly the wave speeds deduced above and with very little distortion over four days of real time. This indicates that for the types of motion considered here, the solutions to the linear equations are extremely good approximations to the non-linear solutions. 
